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J=1-0 → 617.5 GHz,   J=2-1 → 1234.6 GHz.  Bad atmospheric transmission, even for ALMA 
As an alternative, after the end of the Herschel mission, future  observations may be 
carried out in the infrared. 
Crab Nebula image (Fig. 1) and a spectrum taken with 
Herschel’s  SPIRE from 450 GHz to 1.400 GHz. Credit: 
ESA/Herschel/PACS, SPIRE/MESS Key Programme 
Supernova Remnant Team 
Crab Nebula compound image: HERSCHEL (PACS @ 70 um & 
HUBBLE (Wide Field and Planetary Camera 2, WFPC2). Credit: 
ESA/Herschel/PACS/MESS Key Programme Supernova 
Remnant Team; NASA, ESA and Allison Loll/Jeff Hester 
(Arizona State University) 
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Motivation: 
Antecedents 
• 36Ar is the most abundant isotope in space. 
• On Earth: 40Ar 99.600%, 36Ar 0.337%, 38Ar 0.063%.  On Earth 40Ar is produced 
mainly by β-decay from 40K, and marginally from 40Ca. 
• Previous spectroscopic work: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
• Rather good predictions can be made both in rotation and vibration-rotation 
(CDMS, MADEX, …)  
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Bowman et al J=1-0 40ArD+, 38ArD+ 36ArD+ Sub-mm JCP 79, 2096 (1983) 
Liu, Ho, Oka J=20-25, v=1-4 40ArH+ Diode laser JCP 87, 2442 (1987) 
Laughlin et al 
J=1-0 
J=2-1 
40ArH+ 
40ArD+ 
FIR PRL 58, 996 (1987) 
Brown et al J=2-1 to J=7-6 40ArH+ TuFIR JMS 128, 587 (1988) 
Odashima et al J=3-2 to J=15-14 40ArD+ TuFIR JMS 195, 356 (1999) 
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Brault & Davis v=1-0 to v=5-4 40ArH+ FTS PhyScr 25, 268 (1982) 
Johns 
v=6-5 to v=7-6         v=1-0 
to v=3-2 
40ArH+, 
40ArD+ 
FTS JMS 106, 124 (1984) 
Haese & Oka P(2), P(3) v=1-0 36ArH+, Diode laser Unpublished 
Filgueira & Blom 
R(1)-R(3), P(4) v=1-0 
P(3),P(4)  v=1-0 
36ArH+, 
38ArH+ 
Diode laser JMS 127, 279 (1988) 
This work 
P(6) to R(7)  v=1-0 
R(0) to R(4)  v=1-0 
36ArH+, 
38ArH+ 
Difference-
frequency 
APJL 783, L5 (2014) 
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Difference frequency spectrometer 
 
• I2 locked Ar
+ laser & Ring dye laser  
• Mixing in LiNbO3  (DFG) 
• Spectral purity:  ~1:108  (2 MHz) 
• Tunability 2.2 – 4.2 µm  
      (2300-4500 cm-1) 
• 1.2 cm-1 continuous scan 
• Sensitivity: ~1:104 (in transmission) 
• 10 µW  vs. 10-5 µW NEP of InSb 
• First setup: Alan Pine (JOSA1976) 
• Accuracy:  ~3 MHz (1σ)  
• Wavemeter for the dye laser. 
 
 
•  At each datapoint in the spectrum, we have an ‘instantaneous’ wavemeter 
reading.  The wavemeter is calibrated with the Ar + laser.  
• We can average a lot of scans. 
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Difference frequency spectrometer 
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The discharge cell 
 
• Hollow-cathode discharge 
• Design Foster & McKellar 
• 250 V rms, 375 mA rms 
• White cell, ~22 m inside the 
cathode 
• Current modulated at 3.09 kHz 
• IR modulated  at 23.19 kHz 
• Lock-in detection at 26.28 kHz 
• Water cooled. 
• Autobalanced subtractive amplifier 
     (Lindsay, 2001) 
Precursors: 
Ar (natural isotopic composition) 
and no H2 
 
Total pressure ~0.4 mbar 
940  
 
Experimental results 
Cueto, Cernicharo, Tanarro, Herrero, Domenech, ISMS Urbana IL 2014, TF03   
ACCURATE LABORATORY MEASUREMENTS OF VIBRATION-ROTATION TRANSITIONS OF 36ArH+ and 38ArH+ 
S/N ~1100 in R(6) 40ArH+ 
From the linewidth:  Tkin ≈ 380-400 K ≈ Trot 
From the ratio of intensities  in v=1-0 and v=2-1, Tvib ≈ 580 K 
From the transition dipole moment  and HW factors, N [40ArH+] ≈ 4×1010 cm-3 
Results 
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38ArH+ 
Up to 800 avgs 
36ArH+ 
Up to 200 avgs 
Results 
For 36ArH+,  
J(1-0)=617524.4±1.2    MHz  (from just our polinomial fit) vs. 
J(1-0)=617525.23±0.45  MHz (Cologne database from a global fit to all 
previously available data) 
 
We have used our new wavenumbers in a similar fit to all available data using 
a Dunham type expansion: 
 
 
 
 
 
For ArH+                                             ( Watson, JMS 80, 411 (1980)) 
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Results 
• Full results from the fit are in Cueto et al. Astrophysical Journal Letters 
783, L5 (2014) 
• 367 experimental weighted data. 
• Different versions of the reduced mass give significantly different quality 
fits: 
 
 
 
 
• We have used  ② as the charge modified reduced mass; i.e. all the charge 
is concentrated in the Ar nucleus. 
• Standard deviation before the  new data σ=52.5 MHz 
• Adding our new 19 measurements σ=50.7 MHz  
      (only 19 new frequencies and of less accuracy than sub-mm) 
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①σw = 0.82 ② σw = 0.72 ③σw = 0.76 ④σw = 0.72 
Ion kinetics in Ar/H2 plasmas 
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sources:   sinks: 
Ar+ + H2 →  ArH
+ + H  ArH+ + H2 → Ar + H3
+  
Ar + H3
+ →  ArH+ + H2    ArH
+ + wall→ Ar + H 
Ar + e-     →  Ar + + 2e-  
Similarly to the diffuse interstellar medium, 
too much H2 destroys ArH
+ 
 
In our cathode, when the discharge is on, H2 
is ejected from the cathode. 
(0.002 mbar H2 from 0.4 mbar Ar) 
We have studied hollow cathode discharges 
at 2 different pressures and with H2 fractions 
from 0 to 100 % 
0.08 mbar 
Summary  
• We have provided direct accurate wavenumbers for 19 vibration-rotation lines 
of 36ArH+ and 38ArH+  (only 8 (6) had been reported before, with much less 
accuracy) 
 
• This new wavenumbers have improved a Dunham-type fit to all published data 
(U10, U12 and Δ
Ar
10 uncertainties decrease by factors 1.8,  1.4, 5.6) 
 
• ArH+ should be detectable in dark clouds at T<100 K against bright IR sources 
as an IR absorption for column densities 1013 cm-2 
 
• Or in emission if Tkin> 1000 K  (like possibly in the knots of the Crab nebula) 
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